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The conductance behavior of some hexa-amminecobalt(III) complexes in dilute aqueous

solutions at 25°C was studied in association with the

ion-pair formation of hexa-ammine-

cobalt(1II) ions. The equivalent conductivities were analyzed according to the Onsager theory,
and the thermodynamic formation constants, K, of the ion-pairs, [Co(NHj)e]*+ -A%s-, were

determined.
1.35 (iodide), and 3.2; (oxalate).

The log K values obtained are 1.4, (perchlorate), 1.6; (nitrate), 1.6; (bromide),
These values were compared with the fermation constants

calculated from the spectroscopic data, and discussed in terms of Bjerrum’s theory on ion associa-

tion.

The measurement of electric conductivity of
dilute solutions provides a wvaluable method of
studying the outer-sphere ion association of inert
complexes. The conductance behavior and the
jon association of hexa-amminecobalt(III) chlo-
ride,'® sulfate,? trimetaphosphate,® and tetra-
metaphosphate® in aqueous solutions were studied
by Hartley and Donaldson and by Jenkins and
Monk. In our previous papers,*:®) the equivalent
conductivities of nitroamminecobalt(II1) complexes
in dilute aqueous solutions were discussed in
terms of the Onsager theory, and the ion-pair
formation constants of [Co(NH;)s]**-Cl- and
[Co(NO,)(NH;)s]?*+-Cl~ were determined. The
present study deals with the conductance behavior
and the ion-pair formation of hexa-amminecobalt-
(III) perchlorate, nitrate, bromide, iodide, and
oxalate in dilute aqueous solutions at 25°C.

Experimental

The samples of hexa-amminecobalt(III) chloride,
bromide, and iodide were prepared according to the
procedure described in the literature.®? Hexa-ammine-
cobalt(III) perchlorate, nitrate, and oxalate were
obtained by adding perchloric acid, nitric acid, and
ammonium oxalate, respectively, to the aqueous solu-
tions of hexa-amminecobalt(III) chloride. These
samples were carefully purified by three recrystalliza-
tions from their aqueous solutions containing a few
drops of acetic acid. The purity of the samples was
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3) C. B. Monk, ibid., 1952, 1317.
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6) W. C. Fernelius (ed.), “Inorganic Syntheses,”
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examined by the conventional chemical analysis of the
components; the results were in very good agreement
with the theoretical values.

The solutions of different concentrations were care-
fully prepared by using the conductivity water of low
specific conductance (<2x10-7Q-1 cm~!) in an atmos-
phere of purified nitrogen gas. The electric conduc-
tivities were measured by the same apparatus as described
in the previous papers.*:> The resistance readings of
the conductivity cell were calibrated by the substitution
method using a precision decade resistance box
(Dekastat RS-624, Electro Scientific Industries; ac-
curacy, +0.005%), and their reproducibility was
better than 0.1%. All measurements were carried out
in a water-thermostat of 25.000+0.005°C.

Results

The hexa-amminecobalt(III) complexes are sub-
jected to the slow decomposition in aqueous solu-
tions; therefore, the conductivities were measured at
different times after the preparation of the solu-
tion, and the equivalent conductivities at time zero,
which were determined by the extrapolation of
the measured conductivities against time, were
used in the following discussion.*-%)

The limiting equivalent conductivities, A°, of
the complexes were determined by Onsager’s
method of extrapolation™: the A° of each complex
gave consistent values of the limiting ionic equiv-
alent conductivity, 1°, of hexa-amminecobalt(III)
ion. The results are summarized in Table l.

The relation between the equivalent conductivity,
A, and the concentration, ¢ (equiv./l) was analysed
according to the limiting equation of Onsager,™

A= A° — boir2 (1)
where b is a theoretical constant. Figures 1 and
2 show the plot of A against ¢'/2; the broken lines

7) L. Onsager, Physik. Z., 28, 277 (1927).
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Fig. 1. The Onsager plots of hexa-amminecobalt-
(II1) perchlorate (-@-), nitrate (-O-), and
bromide (-A-) in aqueous solutions at 25°C.
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Fig. 2. The Onsagar plots of hexa-amminecobalt-
(III) iodide (-[J-) and oxalate (-&-) in aqueous
solutions at 25°C.

represent the theoretical Onsager lines calculated
by Eq. (1). The equivalent conductivity of hexa-
amminecobalt(III) oxalate gave a large deviation
from the theoretical Onsager value even at very
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low concentrations. A small but significant devia-
tion was also observed with the complexes of
[Co(NHj;)s]A; type.

Discussion

The deviation of the A wvs. ¢!/2 plot from the
theoretical Onsager line in dilute solutions is
considered to be due to the outer-sphere associa-
tion of the complex cation, [Co(NHj)s]**, with
the anion represented by Afa-,

[Co(NH;)s]3* + A%a- = [Co(NH)]** -Ama- (2)

The degree of dissociation of the possible ion-
pairs was determined from the conductivity data
according to the successive approximation method of
Jenkins and Monk,?? and the concentration forma-
tion constants, K., of the ion-pairs were calculated
at each concentration. In the present calculation,
the A° values of the ion-pairs were estimated from
A°([Co(NHj)¢]*+) according to the following
equation,

A°(ion-pair) _ 1zl 3
T([Co(NH,), ") ~ 3 ®
where z is a net charge of the ion-pair; the equa-
tion is obtained from the Stokes’ law by neglect-
ing the ion-size effect on the mobility. This
estimation of A°(ion-pair) is rather arbitrary, but
it is shown by calculation that a considerable
change in 1°(ion-pair) does not affect the derived
value of K, appreciably.®?

By using the modified Debye-Hiickel equation
suggested by Guggenheim?® for the activity coef-
ficient of an ion, the relation between the thermo-
dynamic and the concentration formation constants,
K and K., is given by the relation,'%?

, e

logK¢+ATﬁslogK+CI 4)
where I is the ionic strength, A', a coefficient
obtained theoretically from the Debye-Hiickel
constant and the ionic charges of the ions involved
in the ion-pair formation, and C, an arbitrary
parameter, The thermodynamic formation con-
stant of each ion-pair was determined by extra-
polating the plot of [log K. + A'I'/2[(1 4 I'/%)]
against [ to infinite dilution (Fig. 3). In Table 2
the present results are compared with the log K
values obtained by Tanaka and his coworkers
from the spectroscopic data.'!?
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TaBLE |. THE LIMITING EQUIVALENT CONDUCTIVITY, A°, OF HEXA-AMMINECOBALT(III) cOMPLEXES
AND THE LIMITING IONIC EQUIVALENT CONDUCTIVITY, 1°, OF HEXA-AMMINECOBALT(III) 1ons v
AQUEOUS SOLUTIONS AT 25°C
Complex A° 2°([Co(NHs)e]**)
[Co(NHy)s](C1Oy)s 166.7 99.3
[Co(NHj;)s](NOs)s 170.7 99.3
[Co(NH,)s]Cl; 175.845 99.5,4% 99.2,» 101,9v
[Co(NH,)e]Brs 177.6 99.5
[Co(NHy)e]ls 176.5 99.7
[Co(NHa)s]o(SO4)s- 5H:O 179.2 99.2»
[Co(NHa)s]s(CoOy)s- 4HO 173.2 99.0
TaBLE 2. THERMODYNAMIC FORMATION CONSTANTS OF THE ION-PAIR, [Co(NHy)e]3t Aa-, IN
AQUEOUS SOLUTIONS AT 25°C
A Thermodynamic formation constant, log K
Zy-
Conductivity Spectroscopy! Bjerrum’s theory
ClO,- 1.4, — 1.7
NO,- 1.6 — 1.7
Cl- 1.5549, 1.492 0.96+0.1 1.84:%
Br- 1.6 0.96+0.1 1.8:
I- 1.3 0.47+0.2 1.8,
SO2- 3.5¢® 3.26+0.01 3.15
020.3— 3-25 - 3' 10
34 sum of their Stokes radii, the association constant
' ' ! ! ' ' of the ion-pair can be estimated by Bjerrum’s
theory.!® The last column of Table 2 presents
32 [ e i the log K values calculated theoretically.
In the present analysis of the conductivity data,
the deviation of the measured equivalent con-
30k 1 ductivities from the theoretical Onsager values was
—~ A entirely attributed to the ion-pair formation of
g [ one complex cation with an anion in the solution.
+ 18f 1 Accordingly, the formation constants thus deter-
= mined may be considered to involve the possible
E but small contribution from the ion-pairs contain-
= ing more than one anions, The method of analysis
+ is based upon the assumption that the free ions
ks quantitatively obey the limiting equation of
g Onsager™ in dilute solutions, the assumption which,
unfortunately, has not been fully examined with
higher charge-type electrolytes. Because of this.
uncertainty involved in the present treatment
when applied to the determination of association
L0 7 constants of higher charge-type ions, the results
T ) ) L 1 ; obtained should be subjected to a critical discus-
0 2 4 6 8 10 12 sion. However, a relatively good agreement of the
1057 log K values obtained by the conductivity method
with those estimated from Bjerrum’s theory (Table
Fig. 3. The determination of thermodynamic 2) suggests that the conductivity method gives

formation constants of hexa-amminecobalt(II1)
perchlorate (-@-), nitrate (-O-), bromide (-A-),
iodide (-J-), and oxalate (-&-).

If the distance of closest approach of the two
jons of an ion-pair is assumed to be equal to the

reliable information on the ion-pair formation of
hexa-amminecobalt(III) ions due to the electro-
static interaction.

A significant difference in the log K values

12) See for example: Ref. 8, pp. 272—275.
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determined by the conductivity and spectroscopic
methods (Table 2) is supposed to be due to the
following reason. The conductometric determina-
tion of formation constants is based upon the
change in the transport properties of ionic species
under electric fields, the properties are not very
specific to a particular type of ion interaction.
On the other hand, the spectroscopic determina-
tion is based upon the change in the charge-transfer
spectra; the spectroscopic properties are more
specific to the short-range interaction than the
transport properties. According to Tanaka and
his coworkers, the spectroscopic behavior in the
ultraviolet region is expected to give the informa-

609

tion on the ion association due to the short-range
interactions, and the formation constants deter-
mined by this method may be smaller than those
obtained from the conductivity data.!!?

The perchlorate ion is usually assumed not to
form appreciable ion-pairs with most cations in
aqueous solutions. In the present study, however,
the ion-pair formation of a perchlorate ion with
a hexa-amminecobalt(III) ion was observed, the
formation constant of which is of the same order
of magnitude as that of iodide ion. This effect
of the perchlorate ion must be remembered in
the study of ion association in solutions containing
relatively large amounts of perchlorate ions.




